Introduction
The introduction of antimicrobial agents in human and veterinary clinical medicine has been one of the most significant achievements of the twentieth century. The first antimicrobial agents were introduced in the 1930s, and a large number of new compounds were discovered in the following decades. Antimicrobial agents have for the past 80 years literally changed the entire medical profession and our way of living. Not only can we now treat infections that previously were considered lethal, but without the prophylactic use of antimicrobial agents even simple operations such as bowel surgery, tooth removal or hip replacements would be impossible or associated with very high mortality rates.
However, shortly after the introduction of antimicrobials, resistance began to emerge, and in all known cases, emergence of antimicrobial resistance has sooner or later followed the introduction of new antimicrobial compounds [1] . It has now become clear that antimicrobial resistance poses a threat to the continued use of antimicrobial agents in both human and veterinary medicine. Antimicrobial resistance is an increasing problem and has limited the effective lifespan of newly developed antimicrobial compounds to only 10 -20 years. In addition, new effective antimicrobials are unlikely to be developed at a sufficient rate [2] . Therefore, we are faced with a major challenge to find alternative ways of combating bacterial pathogens-or find ways to delay resistance development.
In modern food animal production, large amounts of antibiotics are used for disease control. In many places, antimicrobial agents are an integrated and routinely used management tool, and in many cases, farmers might not even be aware that they are using them or for what purpose. The huge use provides favourable conditions for selection, spread and persistence of antimicrobial-resistant bacteria capable of causing infections in animals and humans. During the past two decades, there has been an increased awareness of the potential problems that selection of antimicrobial resistance among food producing animals could have on human health. In addition, food animals and food of animal origin are traded worldwide. Thus, the selection of antimicrobial resistance in one country is today a problem for all countries. This has emphasized the need for global initiatives, control and monitoring systems for containment of antimicrobial resistance in all countries [3, 4] .
The speed with which antimicrobial resistance has emerged, evolved and spread worldwide has been without comparison and clearly shows the great adaptive ability of bacteria. Recent studies have shown a huge reservoir of novel potential resistance genes of different environmental origins [5, 6] . Bacteria also harbour multiple genetic mechanisms that may facilitate spread of resistance genes once acquired. Besides a large number of different genetic mechanisms that facilitate gene transfer, the modern globalized world has provided efficient ways for bacteria and resistance genes to rapidly disseminate worldwide through trade of food products or live animals, and people travelling. Further globalization will only increase trade and international contacts in the future. Besides the many benefits thereof, this can also create serious health problems. Therefore, how we handle the control of antimicrobial resistance in human pathogens, including those of animal origin, veterinary pathogens and the non-pathogenic reservoirs will have important public health consequences for the future. This emphasizes the need for global interventions based on global standards.
This review provides an overview of the use of antimicrobial agents for livestock, excluding aquaculture, and of the importance of the livestock reservoir for current and emerging antimicrobial resistance in human pathogens. In addition, an overview is given of the different attempts to limit the selection and spread of antimicrobial resistance, as well as the positive and negative consequences thereof.
Antimicrobial usage in livestock production
The first observations on the inhibitory effect of penicillium mould on bacteria seem to have been made by Sir John Burdon-Sanderson in 1871 and Joseph Lister in 1872 [7, 8] . In 1928, Alexander Fleming made similar observations [9] , and when it later became possible to purify penicillin [10] , the way was opened for its therapeutic use. Since then, a large number of other antimicrobial agents have been discovered and introduced for human and veterinary use, and in the course of the past 50 years, antimicrobial agents have become the keystone of bacterial infection treatments in humans and animals.
(a) Purposes of using antimicrobial agents
The introduction of antimicrobial agents in agriculture soon after the Second World War caused a revolution in the treatment of many infectious diseases in livestock, as well as attempts to reduce or eradicate specific diseases, such as infections with Streptococcus agalactiae in dairy cattle [11] . In these 'wonder years', antimicrobial agents were introduced and used with a minimum of controlled experiments and, as in human medicine, early dosages were largely empiric. It took four to five decades before the use and dosages of the most commonly used agents for the most important diseases were more scientifically determined and based on an understanding of the actual interaction with the target microorganism. In modern food-animal production, as in human medicine, antimicrobial agents are used therapeutically for specific treatment of infections in clinically sick animals, preferably with a bacteriological diagnosis. However, in addition to this, antimicrobial agents are now used in a number of ways which are unique to livestock production. As metaphylactics: this is the treatment of clinically healthy animals belonging to the same flock or pen as animals with clinical signs. In this way, infections may be treated before they become clinically visible, and the entire treatment period for all animals may thereby be shortened. Because of the modern productions systems, this can often be the only way to treat large groups of animals with water medication, such as tens of thousands of chickens in a single house. As prophylactics: this is the treatment of healthy animals in a period where they are either stressed or in other ways susceptible to prevent disease. Examples include medicated early weaning of piglets or dry cow treatment of dairy cattle between lactations. In these cases, antimicrobial agents may be used in low concentrations, similar to the use for growth promotion. This use of antimicrobial agents can be a sign of management problems, and in many countries it is not considered legal or prudent. For eradication: the use of antimicrobial agents for a defined time-period to eradicate a specific pathogen. This was widely used against contagious bovine mastitis in the 1950s, but in most countries is not considered prudent or legal.
One of the most controversial modes of using antimicrobial agents for livestock has been for growth promotion: inclusion of antimicrobial agents continuously in animal feed to improve growth. Whereas the use of antimicrobial agents for therapy, prophylaxis or metaphylaxis, in some instances can seem logical and scientifically based, the usage of antimicrobial agents for growth promotion has been a question of intensive debate for the past decades. Soon after the introduction of antimicrobial agents for therapy, the first discoveries of the growth-promoting effect of antimicrobial agents were made [12] . In the 1940s, deficiencies in the basal feed ratio in swine led to failure in reproductive performance and growth. This was corrected by the addition of different animal by-products altogether designated as 'animal protein factor' [13] . The addition of waste products from tetracycline production to chicken feed was found to have a similar effect. The growthpromoting effect was soon found to be due to residual tetracycline (aureomycin). Besides sulfonamides, streptomycin and tetracycline, other antibiotics including penicillin were also found to have a growth-promoting effect [14, 15] . Antimicrobial agents were soon approved for growth promotion and have been commonly used in the USA since 1949 and since 1953 in the UK [16] . In the following years, a large number of substances with antimicrobial activity have been introduced into modern agricultural production, and during the past decades, industrialized animal production has continuously used supplements of antibiotics in feed. This introduction is supported by a large number of experimental studies showing a benefit to growth [17] , but there is a lack of good long-term epidemiological studies under field conditions also conducted rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140085 under modern circumstances with improved feeding regimes to compare with the situation 40-60 years ago. It has been argued that this use is essential to feed the world with animal proteins but more recent data suggest that the importance of antimicrobial growth promoters (AGPs) might be over-estimated [18] [19] [20] [21] .
(b) The ethical dimension
The choice of whether or not to use antimicrobial agents for treatment of a diagnosed infectious disease might seem reasonably straightforward. When faced with a sick patient or animal, it seems appropriate to use any possible means to cure the infection and potentially save the life or ensure the well-being of animals and humans. However, even such simple choices face the prescriber with a number of difficult ethical questions [22] . Thus, in human medicine, most antimicrobial treatments are started empirically before any microbiological diagnosis is available, and in many cases, the recommended empiric treatment is narrow spectrum to avoid broad selection for resistance. Even this simple situation offers several ethical considerations. Thus, a restrictive treatment strategy may, in some cases, lead to increased fatality rates in the individual patient, but may benefit both the patient and future patient by avoiding broad development of resistance in the microbiome, and thereby reducing the risk of acquiring an infection with a resistant bacterium later in life.
When dealing with use of antimicrobial agents in livestock production, an entire new set of dilemmas are introduced, making this even more complicated and ethically challenging.
In table 1, a number of factors that in my personal opinion may influence the question of whether or not to use antimicrobial agents for livestock are listed. It is immediately clear that most factors leading to increased and more broad-spectrum use are located on the individual farm, whereas any negative consequences are almost exclusively related to consequences which do not or only to a limited degree influence the individual farmer or the veterinarian who, in many cases, do the actual prescription. Thus, it may not be strange that farmers, veterinarians, the consumers, politicians and medical physicians do not necessarily agree on all aspects regarding whether to use, restrict or ban the use of antimicrobial agents for livestock. This debate becomes even more difficult when issues related to the modes of use and which compounds to use for which purposes are included in the discussion. Furthermore, in livestock, production data are often not collected in the same systematic way as sometimes happens in human medicine, and while mortality and morbidity are the main outcomes looked at in human medicine, parameters related to overall production might be more important for farmers. Table 1 . Selected factors which in the author's opinion may influence the decision of using more or less antibiotics for animals at a single farm. The first column lists positive effects for the farmer and the society of using more, as well as other drivers for using more. The second column lists negative effects as well as other drivers for using less. agents in human and veterinary medicine as well as the amounts added to feed for growth-promoting purposes. Exact figures are rare, and estimates were until recently only available for a few countries. In the USA, the total consumption of antimicrobial agents increased tremendously from 1950 to 1978. In 1951, a total of 110 tonnes were produced for addition to animal feed and other application, whereas 580 tonnes were produced for medical use in humans and animals [23] . In 1978, this had increased to 5580 tonnes as feed additives, and 6080 tonnes for medical use. Thus, a 50 and 10 times increase, respectively. Until recently, no official data on the usage of antimicrobial agents in the USA have been available. However, from 2010, the US Food and Drug Administration has reported on the total domestic consumption. In 2011, the total domestic usage was reported at 13 542 tonnes [24] , or more than the combined animal and human usage in 1978. Total meat production in the USA was 42 452 759 000 kg in 2011 [25] and this would amount to 319 mg antibiotics per kg produced meat. This is considerably higher than for any country in Europe [26] . For humans in the USA, a total of 3290 tonnes of antibiotics were sold in 2011 [27] . Direct comparison with the amounts used for animals is difficult because it is not the same drug classes. However, in total amounts, the use for animals is approximately four times higher than for human use.
In Australia, in the 1990s, almost two-thirds of all antibiotics imported were for use in animals [28] . In 1999, before the ban on AGPs, the European Medicines Agency estimated the consumption for growth promotion and therapeutic indications for 1996 and compared this value with food animal production in 15 European countries during 1997. Mean consumption was 98 mg of antimicrobials per kg of meat and poultry produced (range, 24-184 mg kg
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). More recently, a mandatory surveillance for antimicrobial consumption was implemented in the European Union from 2010. In 2011, data from 25 member states were available, and a total of 8481 tonnes of antimicrobials were used in these 25 countries [26] .
Global estimates are currently not available. However, from these estimates, it seems likely that the global consumption in livestock out-ranks the consumption for humans. In addition, most antimicrobial agents used for food animals are given orally, thus directly exposing the microbiome in the gastrointestinal tract, whereas in human medicine, the parenteral route is much more used. In addition, feed additives are often sold as large volume purchases that do not require pharmaceutical formulations or high purity. Thus, antimicrobial agents used for livestock are likely administered to a very large number of animals, and thereby affect a larger part of the global microbiome than might be expected from the total sales figures.
(b) Selection for and transmission of resistance in the livestock reservoir
When dealing with the human health risks associated with antimicrobial consumption in livestock, it is important to recognize that it is not the selection of resistance in the bacteria causing infections in the animals we primarily are concerned about, even though this also is a point to consider. It is the selection and mobilization of antimicrobial resistance genes in the microbiome of treated animals and the potential subsequent spread into human pathogenic bacteria that is the issue of concern.
(i) Origin of antimicrobial resistance Bacteria may acquire resistance by mutations in their DNA, changing the target, by hyper-production of already present genes or by acquisition of heterologous resistance genes. The actual origin of most antimicrobial resistance genes in pathogenic bacteria is unknown, but environmental microbes, including the natural antimicrobial producers, are believed to be important primary sources [29] . Our knowledge is still incomplete since most DNA sequences are from various clinical and pathogenic isolates, with comparatively little from environmental species. Recently, functional cloning studies have shown that there is a large reservoir of novel potential resistance genes that still have not found their way into pathogenic strains [5, 6] . It must thus, be expected that even if novel antibiotics are developed, resistance will develop in pathogenic strains sooner or later. Studies have shown that exposure to antimicrobial agents may increase mobilization of genes between bacteria and thus increase the chances that resistance genes in one perhaps non-pathogenic strain are acquired by a pathogenic strain [5, 6] . Various housekeeping genes are also a likely origin for several resistance determinants. This is especially the case for the different efflux genes, where these transmembrane transport proteins also can play a role in protecting bacteria from antimicrobials.
(ii) Selection for resistance
The single most important driver for the emergence and increase in antimicrobial resistance in the microbiome as well as pathogenic strains is the use of antimicrobial agents. In some cases, such as with methicillin-resistant Staphylococcus aureus (MRSA) and Salmonella Typhimurium DT104, transmission might be very important once the resistance gene has become established in the bacterium. However, in general, there is a very close association between use and occurrence of resistance, which has been well documented in multiple experimental, epidemiological and ecological studies [30] .
(iii) Genetic transmission of resistance
Horizontal acquisition of genes from other organisms provides an efficient way to acquire new traits and adapt to new or changing environments. While the exact origin of the resistance determinants we see among pathogenic bacteria today may be obscure, there can be no doubt that the rapid dissemination of resistance genes among different commensal and pathogenic bacteria is a very recent evolutionary event. This dissemination has occurred within the antibiotic era as a consequence of horizontal transfer mediated by different mobile DNA elements such as plasmids, transposons, genomic islands, integrons, natural transformation, etc., which together constitute a widely diverse assembly of mobile DNA elements [31, 32] .
(iv) Macrotransmission of resistance
Multiple resistant bacterial clones have in several cases spread worldwide. In animal populations, examples have included the international dissemination of different Salmonella clones, such as DT104 [33] , the global spread of MRSA CC398 [34] and recently the vertical transmission of cephalosporinresistant Escherichia coli from grandparent poultry flocks in the UK, though parent poultry flocks in Sweden and into the conventional broiler production in Denmark [35] . In the latter case, selection in one country has consequences for at least two other countries and interventions reducing selection rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140085
have to take place at the origin. In most cases, the modes of transmission are not definitively known but are in the authors opinion probably mainly related to trade in breeding animals, travelling and the international sale of food products. Antimicrobial-resistant bacteria and resistance genes may also disseminate via a large number of other routes, including between farms, though the environment, animal waste containing resistance genes, migrating animals, imported food and feed products, etc., as has been highlighted in several reviews over the past decades [30] . The importance of the multiple routes is not easily quantified. It also depends very much on the individual countries, animal species and production system. Thus, when performing interventions in this area, it is necessary to have very specific local knowledge. Animal-to-human transmission can also easily occur through multiple routes, of which the direct transmission via fresh food products, such as meat and eggs, probably is the most important [29, 30, 32, 36] . Antimicrobial-resistant bacteria may also transfer from animals to humans though direct contact. This is, for example, the case for MRSA CC398 where transmission frequently occurs from the animals to the farmers or other people in contact with the animals [37] .
(c) Importance of the animal reservoir for human health
The actual importance of the animal reservoir of antimicrobial resistance for human health is an area of great controversy and unfortunately no precise estimates exist. Estimates have ranged from almost zero to a major contribution to the human health burden [38] . Data for precise risk assessments are also scare, because there is no systematic registration of the burden associated with infections in humans caused by resistant bacteria and thus no impact factor to include in risk assessments. Today, most experts agree that the contribution from food animals is a concern and that the development of resistance in this reservoir should be also limited as much as possible. In addition, our increased knowledge of the complex biology of microorganisms is constantly changing, and regarding antimicrobial resistance, the accumulating evidence seems to indicate that the importance of the food-animal reservoir is larger than we estimated a decade ago (figure 1). A decade ago it was generally agreed that the human health problems associated with antimicrobial resistance in the foodanimal reservoir were mainly related to selection of resistant Salmonella and Campylobacter and to a more limited extent resistant variants of enterococci and E. coli. However, studies during the last decade have shown that some variants of methicillinresistant S. aureus [36, 39, 40] and Clostridium difficile [41] also may have an animal reservoir, even though the precise burden on human health has not been determined. In addition, the importance of foodborne E. coli [42] as well as horizontally transferred resistance genes and potentially also the emergence of novel resistance genes is probably larger than previously expected. Thus, reducing the risk of antimicrobial resistance in the animal reservoir is today more important than ever.
Reducing the risk
The risk of antimicrobial resistance can basically be reduced by either limiting the selection of resistance or limiting the spread of resistance genes and/or resistant bacterial clones [30] .
might work only if they are introduced in parallel. Thus, reducing antibiotic use for therapy might, in some cases, only be feasible when at the same time introducing improved biosecurity and/or use of vaccines. From the international point of view one of the main problems is as mentioned, that resistant bacteria might be selected for by antimicrobial usage in one country, but may be causing problems in several other countries, as exemplified by the recent spread of cephalosporin-resistant E. coli from England, though Sweden to Denmark [35] .
A large number of national and international rules and regulations as well as marketing and consumer factors regulate and change the international trade of food products and live animals. Internationally, the most important standard-setting organization is the World Trade Organization (WTO). As the WTO has no scientific competence, the Office International des Epizooties is the agency responsible for setting appropriate global standards for animal heath, whereas Codex Alimentarius Commission sets standards for food safety. Other important organizations providing guidelines but not binding standards are the World Health Organization (WHO), the Food and Agriculture Organization (FAO) and OIE (the World Organisation for Animal Health). These organizations have developed common guidelines and strategies for containment of antimicrobial resistance [43] [44] [45] .
In 2011, Codex set guidelines for risk analysis of antimicrobial resistance. Even though this might be a time-consuming procedure and not possible for all countries, it does provide countries with the option to limit the import of food products with antimicrobial-resistant bacteria. In addition to the legal regulations from WTO, several communities (e.g. the EU) and countries require higher standards especially with regard to food safety. Examples are Sweden, which has a Salmonella-free status and does not accept the importation of meat products with Salmonella. Denmark has a special case-by-case control programme in place for resistant Salmonella and Campylobacter [46] .
(a) Knowledge on the magnitude and nature of the problem and documenting changes
Continuous and updated knowledge on the size of the problem is essential to guide risk management and to determine the effect of possible interventions. Thus, continuous monitoring of the occurrence of food-borne pathogens, antimicrobial resistance and drug use, as well as research studies determining the associations between different reservoirs, the spread of bacterial clones and genes, risk factors for the development and spread of resistance, are all essential for efficient risk management. The essential first step is the establishment of coordinated and standardized monitoring systems for determining the occurrence of antimicrobial resistance in all countries and all reservoirs. This has been emphasized in several reports, and recommendations for how to establish such monitoring have been published [47] [48] [49] . Most detailed is the common protocol for antimicrobial resistance monitoring for Europe [50] . Unfortunately, only a few countries have so far established continuous monitoring programmes.
The first country to establish a continuous monitoring of antimicrobial resistance among food animals was Denmark in 1995 [51] . This made it possible to document that major rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140085 reductions in the use of antimicrobial agents for growth promotion, implemented during 1995-1999, were followed by major reductions in the occurrences of resistance to those specific antimicrobial agents [52] , except in cases where antimicrobial resistance genes were genetically linked [53] . However, in Denmark, no monitoring was established for antimicrobial resistance in humans prior to the major reductions in use of AGPs and so an opportunity was missed to document the effects in the human reservoir.
All current monitoring is based on isolation of bacterial isolates and phenotypic susceptibility testing. It should be noted that the rapid development in whole genome and whole community sequencing today makes it feasible to routinely sequence both single isolates and entire bacterial communities [54, 55] . The first evaluations of using whole genome and whole community sequencing for diagnostics and surveillance have already been published [56 -59] and it may be expected that this will replace the current phenotypic approaches in the near future.
No matter what, the collection of data prior to and following interventions is an absolute must if we wish to learn from both good and bad experiences. This has unfortunately more been the exception than the rule so far, but is an absolute must for the future. The main factor leading to reduced selection of resistance is a more limited use of antimicrobial agents. A number of different options, including drug approval, prescriber behaviour, limiting profit, taxation and complete withdrawal or bans have previously been reviewed in more detail [30] . It should in theory be easy to remove unnecessary useoveruse-of antimicrobial agents. Defining unnecessary use might not be easy though, because perspectives might differ (table 1) . However, it should also be borne in mind that in some cases reduction in antimicrobial usage is not possible without the introduction of improved management, biosecurity and in some cases use of vaccines. In many cases, it is expected that good management may replace the easy use of antimicrobials.
In general, the selective pressure may be reduced by reducing the total amounts of antimicrobial used, the way they are used or by selectively reducing the use of specific 'critically important' antimicrobial agents. Good evidence for the longterm effects and sustainability of interventions are not available, except for major interventions such as complete bans.
(i) General reduction
Incentives for general reduction in the use of antimicrobial agents for food animals are constantly imposed on prescribers and farmers. These range from peer-pressure, general acceptance in the community to more scientific guidelines from professional societies. In organic farming, more specific rules apply, where only a very restrictive use or no use all are allowed. More systematic approaches have, to the best of my knowledge, only been attempted with the withdrawals and bans on use of antimicrobial agents for growth promotion in Denmark from 1995 to 1999, the reductions in therapeutic usage in the Netherlands from 2008 and in Denmark with the yellow card scheme in 2010.
The antimicrobial growth promoter interventions in Denmark
In the period May 1995 to December 1999, major changes in the consumption of antimicrobial agents for growth promotion occurred in Denmark [17] . Until May 1995, a total of 11 different antimicrobial agents were approved for use as growth promoters in Denmark and this constituted approximately two-thirds of all usage of antimicrobials for food animals in the country. In May 1995, the use of the glycopeptide avoparcin was banned owing to concern over selection for glycopeptideresistant enterococci in the animal reservoir. This was followed by a ban in Germany in January 1996 and in all EU countries in April 1997. In January 1998, virginiamycin was banned in Denmark because of cross-resistance to Synercid, a streptogramin of potential value for human treatment. Simultaneously, the Danish poultry producers decided to implement a complete voluntary withdrawal of all use of AGPs. In December 1998, the European Commission decided to ban the use of bacitracin, spiramycin, tylosin and virginiamycin for growth promotion from July 1999. In Denmark, the Danish pig producers decided to follow the Danish poultry producers and voluntarily stop all use of AGPs from the end of 1999. In 2003, the European Union decided to stop all use of AGPs by the beginning of 2006.
These different precautionary steps were taken to prevent future increase in the problems with antimicrobial resistance in the health sector. In Denmark, data on the consumption of antimicrobial agents for therapy prior to the different interventions on AGPs are only available for swine. However, consumption in Danish swine production accounts for more than 80% of all antimicrobial use for animals in Denmark. Figure 2 illustrates the changes in total use of antimicrobial agents for swine in Denmark from 1992 to 2013 adjusted for the total production of swine, which has increased considerably over time.
Other interventions in Denmark
Following the phasing out of AGPs, there was a minor increase in therapeutic usage in 2000 and 2001. Consumption for therapy continued to increase in the following years also, with minor fluctuations. In 2010 this led to a public debate about the use of antimicrobials in Danish pigs. As a consequence, two further reductive actions were implemented in July 2010. The first was a voluntary ban on the use of cephalosporins in Danish swine herds for a 2-year period, adopted by the Danish pig industry. The second was the so-called yellow card antimicrobial scheme implemented by the Danish government, where restrictions are imposed on farmers who have more than twice the national average consumption of antimicrobials for any of the three swine age groups (sow/ piglets, weaners, finishers). In July 2010, farmers with an antimicrobial use close to these limits received a warning letter from the Danish Veterinary and Food Administration stating that unless actions were taken to reduce antimicrobial use, the producer would receive a yellow card by December 2010. A yellow card would result in restrictions on oral medication usage and supervision by the authorities. This intervention immediately led to a major reduction in total consumption and the consumption in 2001 was 25% lower than 2010 (figure 2). However, during the past 2 years, the total consumption has again started to increase and it seems questionable whether this yellow card scheme is effective in the long term. There is currently no hard evidence as to why consumption again is increasing, but it may be due to considerable creativity by some farmers, drug companies and veterinarians to set consumption levels very close to the accepted thresholds. However, this experience also shows that it is necessary to keep a constant pressure on restrictions. More details are available in the DANMAP reports [60] .
The Dutch experience
Ever since the surveillance of antimicrobial consumption in human medicine was initiated in Europe in 1997, The Netherlands has had the lowest consumption for humans [61, 62] , which has been in sharp contrast to the situation in livestock. Following decades of being the European country with the highest antimicrobial usage for food animals compared with the size of the production system, a memorandum of understanding was signed by the animal sectors and the Dutch Association for Veterinarians in 2008 [63] . Mandatory targets for total reduction in consumption compared with 2009 were set by the government at 20% in 2011, 50% in 2013 and 70% in 2015. An independent Dutch Veterinary Medicines Authority was established and a fully transparent monitoring of drug use at farm level enabling bench-marking and identification of high users. A mandatory one-to-one relationship between farmer and veterinarian was established. In addition, no use of new antibiotics in animals will be allowed, fluoroquinolones and cephalosporins are only allowed if no other antibiotics work, and colistin, betalactams and aminoglycosides are second choice antibiotics only. It is still too early to evaluate the long-term effects of rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140085 these interventions, but the first results have been extremely promising [64] : the reduction has been larger than the targets, with an almost 60% reduction achieved in 2013 [64] . The first results on antimicrobial resistance suggest that resistance in E. coli from healthy animals is also being reduced in the animal reservoir [64] . However, the data for Salmonella and Campylobacter so far do not allow for any preliminary conclusions regarding changes in resistance.
(ii) Targeted reduction Not all antimicrobial agents are equally important for human health. Even the first restrictions in Denmark targeted specific AGPs and not all substances. Realizing this, the World Health Organization in 2005 provided the first guidelines for ranking antimicrobial agents which should be considered most critically important for human health and where interventions should first take place [65, 66] . The most critically important antimicrobial agents were considered third-generation cephalosporins, fluoroquinolones and macrolides. Antimicrobials not approved for animal use were not considered, but it is implicit that any use of, for example, carbapenems should be avoided.
Governmental restrictions or voluntary withdrawals of specific classes have already been implemented in a number of countries. In Australia, it was decided in the mid-1990s not to approve the use of the fluoroquinolone enrofloxacin for pigs [67] . In Denmark, this has included restrictions on use of fluoroquinolones and, as mentioned, the recent voluntary withdrawal of all uses of third-generation cephalosporins for swine from July 2010. In the USA, the approval of fluoroquinolone for use in poultry was withdrawn in September 2005. Also in 2005, a temporary voluntary withdrawal of extra-label use of ceftiofur was implemented by the poultry producers in Quebec, Canada and, as mentioned, specific limitations were imposed on the use of fluoroquinolones and cephalosporins in The Netherlands in 2008. In most cases where a monitoring programme has been in place, these restrictions have resulted in a reduced occurrence of resistance [52, [68] [69] [70] [71] .
(iii) Modes of use
Escalating or reducing the dose or changing the duration of treatments have often been suggested as ways to reduce the selection of resistance. Experimental studies with both quinolone resistant Salmonella and E. coli, as well as beta-lactam resistance, have provided promising results indicating that the selection for resistance might be drastically reduced while using the same or even larger amounts of antimicrobial agents [72] [73] [74] [75] [76] . These studies have so far not been systematically attempted under field conditions and thus there is no data available on the efficacy of the changed treatment regime. The feasibility of drastically changing the current modes of use is also questionable because it might require an entirely novel approval of the different drugs, which would be a very expensive procedure. Furthermore, systematically optimizing the way we use drugs to limit selection would most likely also require very strict adherence to a specific treatment regime. This could prove very difficult in food-animal production where most drugs are given by farmers or animal handlers. rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140085 diseases associated with food production. Thresholds for acceptable risk today exist for a number of pathogenic bacteria, but specific thresholds for resistance are rare. In Denmark, a zero tolerance for multiple resistant Salmonella DT104 was implemented for both domestic and imported food products in 1998. The aim was to offer the Danish consumers maximum protection against this type of Salmonella, because it was feared that it had a larger potential for spread in food animals than other Salmonella types, and also that it had increased virulence for humans. The impact of these restrictions has not been quantified and these restrictions have since been lifted.
The risk of transmission of macrolide-resistant Campylobacter from Danish pork has been estimated to be very low [77] . In Denmark, the slaughterhouses use blast chilling after slaughter in combination with a high level of hygiene. Blast chilling is a process in which ice-cold air is blown across the carcass at a high velocity, which kills most Campylobacter present on the carcasses. This, however, has no effect on the occurrence in imported meat.
To reduce the risk of human salmonellosis, Denmark, in 2006, started testing Danish and imported meat for Campylobacter and Salmonella [46] . The testing determines whether the meat imposes a risk for the consumer, and if so, the meat would be deemed to be unsafe according to article 14 of regulation (EC) no. 178/ 2002. In that case, the meat would be withdrawn from the market. As parameters to determine whether the meat will impose a risk for the consumers, numbers of infected samples, type of Salmonella and antimicrobial resistance profile are included. The evaluation is done for each case individually and not as a general threshold that a food product has to be below. The effect of this case-by-case procedure has not been finally evaluated for Salmonella, but an analysis of Campylobacter data has shown this procedure significantly reducing the occurrence of Campylobacter in fresh meat available on the Danish retail market [78] .
To the best of my knowledge, no other restrictions specifically targeting antimicrobial resistance in food animals or food-animal products have been attempted even though the Codex guidelines do give such possibilities.
Considering the widespread occurrences of similar resistance genes and resistant bacterial clones globally, there can be little doubt that resistance has multiple routes of efficient transmission [29, 32] , even though the importance of the multiple routes, including environmental spread, trade with live animals, human vectors, etc., have not been quantified. Modern livestock production is, however, highly susceptible to the introduction of novel threats, including resistance genes, because an increasing number of animals are confined at each farm and we very often have a highly efficient pyramid-like breeding system where a very limited number of farms deliver the genetic material to a much larger number of production farms. This is exemplified by the recent spread of cephalosporin resistant E. coli from the UK, though Sweden to Denmark [35] , as mentioned above. This makes intensive surveillance of all risks, especially at the top of the breeding pyramids, essential.
Effect of interventions on livestock health, welfare and productivity
Numerous studies have been performed on the economic benefit of the use of AGPs, and in the approval of therapeutic antimicrobial agents, it is often mandatory to document a beneficial effect on treatment of diseases. It has, thus, been argued that limiting the use of antimicrobial agents for therapy, prophylaxis, metaphylaxis or even growth promotion would have disastrous negative consequences for animal production, health and welfare. There is, however, very little hard evidence documenting the negative or positive effects of reducing the usage, especially under real life conditions. Berge et al. [79] performed an intervention study on a single dairy cattle farm where all pre-weaned calves routinely received prophylactic antimicrobial treatment for diarrhoea. They compared this normal routine with a changed strategy where only calves showing clinical symptoms were treated. Surprisingly, they found less diarrhoea using this targeted strategy, and besides a reduced use of antimicrobials, a total of around 10 US$ per calf could be saved by changing the routine.
In Denmark, it was expected that problems in relation to loss of productivity and increased disease would follow as a consequence of removing AGPs from food-animal production. However, data from the Danish Poultry Council suggest that the removal of antimicrobial agents for growth promotion from poultry production has not had any negative effect, such as decreased productivity or increased mortality [20, 80] . On the contrary, the mean kilogram broilers produced per square metre immediately increased and the trend in mortality immediately changed from continuously increasing to decreasing. A minor effect was observed on the feed conversion rate, where there was an increase in the amount of feed needed to produce 1 kg of broiler, but this has since decreased again.
Similar observations have also been reported from the USA. Thus, an analysis of production data from one of the largest poultry producers (Perdue farms), covering 7 million broilers, estimated that the net effect of using AGPs was a loss of around one cent per chicken [21] .
In Danish swine production, the effects of the different interventions over time have been an area of more controversy. Initial analysis only looking at production parameters the year before and the year after the ban of AGPs suggested that this was without any effect in older pigs, but associated with increased mortality and reduced average daily gain in weaners. In 2010, a study was published analysing the trends of a number of available production parameters from 1992 to 2008 [18] . Figure 3 gives an update of these data including an additional 5 years of data from 2009 to 2013, as well as an additional inclusion of piglet mortality in the period [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] . These data over time, contrary to initial observations, suggest that there was either none or a very limited effect of the growth promoter ban and perhaps even suggest that average daily gain decreased before but increased after the ban, and thus that this intervention had a positive effect.
Another major intervention in Denmark was the yellow card scheme in 2010. A recent study analysed data on vaccine sale around the implementation of the yellow card scheme and compared data on different disease lesions recorded by the Danish meat inspection of finisher pigs in winter 2010 with winter 2011 [82] . They found an increased sale of vaccines following the intervention. Statistical differences were found for several diseases between winter 2010 and 2011 periods, but some diseases increased and others decreased. Whether this is due to a natural year-to-year fluctuation or the intervention is difficult to conclude. However, it was concluded that the rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140085 intervention did not adversely affect animal health or welfare. In this study, no analyses of swine production parameters were included. In figure 3 , a number of selected swine production parameters and data for mortality over several years are included. However, it is not possible to observe any major impact of the yellow card scheme on any of these parameters. Figure 3 . Data on production characteristics for piglet mortality ( per cent; grey triangles) and mean number of pigs produced per sow per year (black diamonds) (a), average daily gain (ADG, grey triangles) and mortality rate (black squares) in weaning pigs (b), and average daily gain (white squares) and the percentage of dead or condemned finishing pigs (black diamonds; (c)) raised in the Danish swine production system from 1992 to 2013. The ban on antimicrobial growth promoters (vertical line) was instituted on 1 April 1998, and 1 January 2000, for finishing and weaning pigs, respectively. Weaning and finishing pigs weighed ,35 and .35 kg, respectively. The yellow card scheme was introduced from 1 July 2010. Based on references [18, 81] .
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Thus, it may be concluded that the yellow card intervention has had very limited if any negative impact on swine productivity in Denmark.
The way forward
Even though the precise burden of selection for antimicrobial resistance in the food animal reservoir has not been determined, in the author's opinion there is sufficient evidence to conclude that it is an important burden on human health. Current experience suggests that reducing the routine use of antimicrobial agents for food animals is associated with either very limited negative effects or possibly even positive effects for animal health and welfare as well as economy. It, thus, might seem strange that most countries and farmers continue with a procedure that could be seen as both unnecessary or even having negative consequences. However, it should also be realized that the drug industry, for example, make sales and profits from this usage and has very strong and influential lobbying, marketing and advertisement activities. In addition, it might also be the case that some farmers see the routine use of antimicrobial agents as an easier and safer option than relying on proper clinical diagnosis. Thus, antimicrobial usage might be seen as something that has an average negative effect, but is an insurance against, for example, disastrous outbreaks. In the coming years, there is a need to strengthen international and cross-sectional collaboration, not only in research but especially between governmental institutions, and to support the work of international organizations such as WHO, OIE and Codex. There is a major need to try different forms of large-and small-scale interventions and particularly to document the negative and positive effects. Thus, the establishment of surveillance programmes collecting data on antimicrobial usage and resistance as well as different animal health and production parameters is greatly needed.
There is a major need for continued research into novel procedures for limiting the use of antimicrobial agents and transmission of resistance. However, we do already know sufficient to begin interventions and there is no need to get paralysed by analysis.
